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Background

Development of new safe methods of monitoring disease activity in the pediatric onset multiple sclerosis (POMS) is a challenging task, especially when trying to refrain from frequent MRI usage. In our recent study, the saliva immunoglobulin free light chains (FLC) were suggested as biomarkers to discriminate between remission and active MS in adults.



Objectives

To assess utility of saliva FLC measurements for monitoring disease activity in POMS.



Methods

We used semiquantitative Western blot analysis to detect immunoreactive FLC monomers and dimers and to calculate the intensity of their bands. Statistical tests included Firth logistic regression analysis suitable for small sample sizes, and Spearman’s non-parametric correlation.



Results

In naive POMS patients, the saliva levels of FLC in relapse were significantly higher than those in remission. Significant correlation was found between FLC levels (monomers, dimers or both) and the load of enhanced lesions in MRI scans. FLC levels may be reduced under treatment, especially as result of corticosteroids therapy. Follow-up of individual patients showed the correspondence of changes in the FLC levels to MRI findings.



Conclusions

Our results show the potential of the non-invasive saliva FLC test, as a new tool for monitoring the disease activity in POMS.





Keywords: free light chains, multiple sclerosis, pediatrics, dimers, monomers, western blotting, Firth logistic regression



Introduction

Multiple sclerosis (MS) is a chronic not curable but manageable autoimmune inflammatory disease that causes damage to the myelin sheaths of nerve cells in the central nervous system. Typically, the onset of symptoms appears between the second and fourth decades of life (1). Pediatric onset MS (POMS) is an uncommon early manifestation of the disease. Case series in literature indicate that 5-10% of MS patients experience their first demyelinating event before age 18 (2–5). A recent systematic review and meta-analysis of the POMS epidemiology indicates the overall incidence ranged from 0.05 to 2.85 per 100,000 (6). In the recent years we have been facing an increasing incidence of POMS cases (7), which may be due either to growing awareness and accessibility of magnetic resonance imaging (MRI), or, possibly, as a consequence of environmental and other etiological factors. 

The diagnosis of MS is based on both clinical presentation of demyelinating events (which may be non-specific, but suggestive of MS), and dynamic MRI changes that meet the McDonald criteria (8–10). The McDonald criteria are based on demonstration of white matter lesions dissemination in time and space. In the latest 2017 version of the McDonald criteria (9), the presence of oligoclonal immunoglobulin bands (OCB) as a cerebrospinal fluid (CSF) marker of MS was added replacing the imaging parameter of “distribution in time”.

However, the diagnostic criteria are still evolving. For instance, myelin oligodendrocyte glycoprotein (MOG) antibody-associated disorders (MOGAD), which were an integral part of MS cases in the past, are now defined as a new CNS autoimmune entity. MOGAD, which is much more common in the pediatric population, can be confused with MS due to overlapping clinical presentation but dictates different usage of disease-modifying therapies (DMTs) (11).

POMS differs from adult MS in several aspects. Relapsing-remitting disease course is typical for POMS, although cases with primary progressive disease are reported recently (up to 7%) (12). POMS patients show more severe inflammation early in the disease course which is characterized by a higher rate of relapses and a higher load of lesions observed by MRI (13). Also, the long-term disability progression is relatively slow in children (14). Clinical manifestations vary from poly-symptomatic presentation, especially in the pre-pubertal children, to more monofocal appearance (such as optic neuritis and sensory symptoms) in the post-pubertal patients. In addition, posterior fossa, brainstem, and cerebellar involvement are more common in POMS than in adult patients (15).

MRI is mandatory for the initial diagnosis and helps to estimate the dynamic changes and aggravation of inflammation. At the beginning of the disease course, MRI is routinely used for monitoring the disease activity. Imaging can be utilized at reduced frequency in later stages with extended in-between intervals, if remission has been achieved. Many demyelinating MRI protocols require gadolinium-based contrast agents (16, 17). The frequent use of gadolinium raises safety concerns for the pediatric population - an increasing body of evidence suggests that gadolinium is deposited and retained in the brain (18, 19). Although the available data regarding the harm due to gadolinium exposure are inconclusive, there is a tendency to reduce such exposure to the absolute minimum. Given this limitation, it is necessary to find replacement means for monitoring disease activity. The laboratory CSF tests such as OCB or free light chain (FLC) analyses (20) require lumbar puncture, and therefore are impractical for disease monitoring. Moreover, it is not clear whether these diagnostic CSF markers of MS would be helpful for monitoring disease activity. Thus, development of safe and accessible alternative monitoring techniques remains to be challenging in the pediatric population. In our previous studies (21, 22) we found that analysis of saliva FLC is a promising non-invasive test to determine disease activity in adult MS patients. We showed that Western blot analysis of saliva FLC dimers and monomers was suitable for this purpose.

The present study is aimed at evaluating the utility of our saliva FLC test for monitoring the disease activity in POMS patients. Since our preliminary data showed that medications used to treat MS patients may affect the saliva FLC levels (22), we initially studied saliva FLC in naive pediatric MS patients. The data obtained for naive POMS patients were compared to those in pediatric patients experiencing other neurological diseases (both demyelinating and non-demyelinating). Application of Firth logistic regression (suitable for small sample sizes) for multivariate discrimination between relapse and remission states, followed by Spearman’s non-parametric test showed significant correlation of saliva FLC levels with clinical state (relapse or remission), as well as correlation with MRI findings. Having established this correlation, we analyzed changes in the FLC levels during the follow-up of individual POMS patients by matching these changes with clinical disease status, treatment and MRI findings. Based on the obtained results, we found that our saliva FLC test may serve as an easy, safe and non-invasive tool to monitor the disease activity in POMS.



Materials and Methods


Patients

This study involved 23 relapsing-remitting POMS patients (15 females), aged from 10 to 17 years (Table 1; Supplementary 1, Tables S1 and S2). A group of patients with other demyelinating diseases (n = 28, aged from 10 to 17 years, 17 females, Supplementary 1, Table S3) included the following: clinically isolated syndrome (CIS, n = 18), radiologically isolated syndrome (RIS, n = 3), aquaporine-4-positive neuromyelitis optica (NMO/AQP4+, n = 1), acute disseminated encephalomyelitis (ADEM, n = 2) and myelin oligodendrocyte glycoprotein antibody disease (MOG+, n = 4). Table 2 displays a group of 11 patients (8 females) with non-demyelinating neurological diseases (aged from 6 to 17 years). The study also included a control group of 14 healthy children (7-17 years old, 10 females), who showed no evidence of neurological, inflammatory, or any other chronic diseases.


Table 1 | POMS patients: saliva FLC indices and clinical and radiological findings.




Table 2 | Pediatric patients with non-demyelinating diseases: diagnosis, saliva FLC indices, and radiological findings.



Saliva sampling was carried out between November 2016 and August 2020, during patient’s regular visits at the outpatient neurology clinic of a large tertiary medical center. Collection of samples was performed during the morning hours (from 8 to 12 a.m.) by spitting, and stored in 1.5 ml Eppendorf tubes at -30°C until use. In some cases, the saliva samples were taken repeatedly from the same patients during their follow-up period. Total number of tested saliva samples was n = 109, of which 54 were collected from POMS patients, 30 – from patients with other demyelinating diseases, 11 – from patients with non-demyelinating neurological diseases, 14 – from healthy children.

Diagnosis of MS was based on the revised 2017 McDonald criteria. A relapse was defined as new or worsening typical MS symptoms lasting for ≥ 24 h. On the day of saliva sampling, patients underwent clinical evaluation, and their expanded disability status scale scores (EDSS) and MRI data were documented.



Sample Preparation and Western Blot Analysis

Saliva samples (approximately 0.5 ml) were collected and processed as described previously (22). Before testing, the saliva samples were centrifuged at 16 000 g for 20 min in the Eppendorf centrifuge (Eppendorf5415C; Marshal Scientific, Hampton, NH, USA). Samples were run under non-reducing conditions on 4 – 20% Nu-Sep Tris-Glycine gels (Gradipore, Frenchs Forest, New South Wales, Australia) and blotted onto a nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany). FLC bands were detected using rabbit antibodies to human Ig κ and λ light chains (Dako, Carpinteria, CA, USA). Super-Signal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA) was used for band visualization.



FLC Indices

Intensity (I) of the immunoreactive FLC bands was quantified by electrophoresis analysis software described previously (23). A reference sample, representing a mixture of the saliva samples from 10 healthy children, was included in each electrophoretic run alongside the tested samples. The quantified intensity values of FLC bands in the tested samples were normalized with respect to those of the reference sample: Inormalized = Itested sample/Ireference sample. These normalized values were defined as FLC indices for the monomer and dimer levels (κM, λM, κD, λD). In addition, the sums of (κM + λM) and (κD + λD) were also calculated and used as total FLC monomer and dimer indices, M(T) and D(T), respectively.



MRI Data

MRI scans were evaluated for the number of T2 lesions and T1-gadolinium enhancing lesions (Gd+) in the brain and spinal cord. To study the association between FLC levels and MRI findings in the relapse group we considered only the MRI scans obtained within six weeks from the relapse onset in accordance with the visualization timeframe of active MRI lesions (24).



Statistical Analysis

Statistical analysis was performed using the JMP 15.1 software (SAS Institute Inc.) and R software (version 3.2.1; package brglm version 0.5-9). Firth’s penalized logistic regression analysis (25) suitable for small samples sizes was used to discriminate between the relapse, remission, and control groups. The Spearman’s non-parametric test was used to study the correlation between the saliva FLC data and the MRI findings.




Results


Saliva FLC Analysis Allows to Discriminate Between the Relapse and Remission States in POMS

An example of Western blot analysis of saliva FLC monomers (25 kDa) and dimers (50 kDa) is demonstrated in Figure 1. The levels of saliva κ and λ FLC monomers and dimers are high in non-treated patient in relapse (track 4) as compared to those in healthy individuals (tracks 2 and 3) and patient in remission (track 5).




Figure 1 | Western blot analysis of saliva FLC monomers and dimers in two healthy individuals (tracks 2 and 3), POMS patient in relapse (track 4) and POMS patient in remission (track 5). Track 1 - reference sample. (A) Exposure to X-ray film to view free and bound light chains: FLC monomers (25 kD), FLC dimers (50 kD), and intact immunoglobulins (≥ 150 kD). (B) Exposure to X-ray film to calculate intensity of FLC bands in a linearity range. The electrophoregram demonstrates high saliva FLC levels (monomers and dimers) in POMS patients in relapse as compared to those in the healthy individuals and in the POMS patients in remission.



Intensities of the FLC bands were measured in saliva of 14 healthy children (healthy group), and in saliva of 24 untreated MS patients of whom 14 were in relapse and 10 - in remission. Total FLC indices, namely: total dimer index D(T) = (κD + λD) and total monomer index M(T) = (κM + λM) were calculated for each individual. In the group of healthy individuals D(T) values varied from 0.05 to 3.53 (mean = 1.66; SD = 1.13), while in the MS relapse group D(T) values varied from 1.05 to 19.66. The M(T) values varied from 0.44 to 4.4 (mean = 1.89, SD = 1.19) in the healthy group, and from 1.14 to 22.13 - in the relapse group.

Mean plus three SD values of FLC indices in the healthy group were used to define the upper limits of normal FLC index ranges: D(T) = 5.0 and M(T) = 5.5. Analysis of 14 MS relapse cases showed that in 12 of them FLC index values were above these limits: D(T) > 5.0 and/or M(T) > 5.5. In the MS remission group, the D(T) and M(T) values varied from 0.007 to 4.88 and from 0.39 to 4.5, respectively, thus being close to the values found in the healthy group (Figure 2, Table 1 and Supplementary 1, Table S1).




Figure 2 | Saliva FLC indices in naive POMS patients. POMS patients in relapse - red circles; POMS patients in remission - blue circles; healthy children - green circles. Most of the POMS patients in relapse demonstrate the abnormally high values of the FLC indices. (D(T) > 5.0 and/or M(T) > 5.5) as compared to the healthy individuals and the POMS patients in remission.



The obtained data suggest the ability of the saliva FLC test to discriminate between relapse and remission states. This assumption was studied using a logistic regression model. This model made it possible to use a single variable/predictor X (the sum of M(T) and D(T)), for characterization of each case. The logit for this model was defined as a combined FLC-Firth index (cFLC-F); the coefficients of this model are equal to - 3.06 and 0.34 for the intercept (β0) and the slope (β1), respectively:

 

cFLC-F values were calculated for each individual together with corresponding probabilities (Supplementary 2 and Table S2). This allowed effective discrimination between the groups (Figure 3).




Figure 3 | Discrimination between relapse and remision groups of naive POMS patients and healthy children by the FLC based Firth’s logistic regression function, cFLC-F. cFLC-F values were calculated for each individual (Supplement 1). “Relapse” - red filled circles, “Remission” - black empty circles, and “Healthy” groups - green filled squares.) Effective discrimination between healthy children and POMS patients in relapse, as well as between relapse and remission groups was observed (cut-off value, cFLC-F = 0).





Correlation Between cFLC-F Indices and MRI Findings

Table 1S (Supplementary 1) displays FLC level indices together with available MRI findings in naive patients: Gd+ lesions were present in the brain and/or spinal cord of each of 10 relapse cases with abnormally high FLC levels. In contrast, in 2 of 3 relapse cases showing normal FLC levels no Gd+ lesions were present. MRI data were available in 9 of 10 remission cases; in 8 of them, no Gd+ lesions were found, and all of these showed FLC levels within the normal range. The analysis of obtained data suggests correlation between saliva FLC levels and MRI findings. This correlation was checked statistically by comparing two logistic regression models, one based on FLC findings (Supplementary 2), the second one – on those of MRI (Supplementary 3). If both of these two models provide effective discrimination between the disease states, the logit values of these models should correlate.

The discriminating ability of the FLC based on logistic regression (cFLC-F) is described above. The Firth’s logistic regression model for MRI data was constructed using two predictors: the load of T2 in the brain, [(T2)brain], and Gd+ in the brain&spine, [Sum(Gd+)] (Supplementary 3).

The corresponding logit, cMRI-F, is defined as

 

This MRI model allows effective discrimination between relapse and remission groups (Figure 4).




Figure 4 | Discrimination between relapse and remision groups of naive POMS patients by the MRI based Firth logistic regression function, cMRI-F. cMRI-F values were calculated for each individual (Supplement 2). “Relapse” - red filled circles, “Remission” - black empty circles. Effective discrimination between the POMS patients in relapse and remission groups was observed (cut-off value, cFLC-F = 0).



Finally, we demonstrated a non-parametric correlation at significance level α = 0.05 between the cFLC-F and cMRI-F values, with the Spearman’s ρ = 0.54 (p-value = 0.017) (Supplementary 4). This finding confirms the utility of the saliva FLC analysis for assessing disease activity in naive POMS patients.

Treatment of POMS patients may reduce the saliva FLC levels, especially for those under CS treatment



DMT Treatment

Of 3 treated MS relapse cases, the saliva FLC levels were normal in 2 and abnormal in 1 case. Of the 23 patients in remission, the FLC levels were normal in 18, abnormal in 3, and borderline in 2 patients (Table 1, Supplementary 1 and Table S2).



CS Treatment

Four MS patients in relapse/post relapse state were treated with CS and tested during or shortly after (1-5 weeks) their treatment (Table 1, Supplementary 1 and Table S2). The FLC levels were normal in 3 of 4 relapse case and abnormally high in one remaining relapse case. Of note, in the latter relapse case (a) the load of Gd+ lesions was markedly high (comparing to other 3 CS treated relapse cases), and this patient experienced additional attacks shortly after finishing the CS treatment (2 and 5 months later).



FLC Test in POMS Patients Follow-Up

The above presented data show strong link between the values of saliva FLC levels and patient clinical status, radiological findings and treatment. These findings suggest a possible utility of FLC test for the follow-up of individual patients, as it was shown below.

Saliva FLC levels vs clinical status during patient follow-up:

Saliva FLC of 17 POMS patients were analyzed repeatedly (from 2 to 7 times) during their follow-up. In 16 of 17 patients transition from relapse to remission states or vice versa was accompanied by reduction or elevation of saliva FLC levels [M(T) and/or D(T)], respectively (Figures 5 and 6).




Figure 5 | POMS patient #46 follow-up using saliva FLC test. Vertical axis y shows total FLC monomer and dimer indices, namely, M(T) = (κM + λM) – blue, D(T) = (κD + λD) – purple. The arrows on the vertical axis y (blue and purple) indicate the cut-off values of indices to distinguish between normal and abnormally high FLC levels. Horizontal axis x – follow-up period (months); the arrows indicate the second and third attacks, 2 and 5 months after the first one (no saliva samples were available). Note that the FLC values at the 27 month of patient follow-up (post-relapse) were obtained by analysis of saliva sample collected on the 20th day after acute attack and on the 6th day after the ending the treatment with oral prednisone.






Figure 6 | POMS patient #5 follow-up using saliva FLC test. (A) Western blotting of κ and λ FLC monomers and dimers: track 1 – reference sample; track 2 - patient in relapse (starting point); track 3 - post-relapse, 1.5 months later; tracks 4 and 5 – remission under Rebif, 3 and 5.5 months later, respectfully; track 6 – relapse, 10 months later, with an appearance of new active lesions (under Rebif, before initiation of CS). (B) Chart: vertical axis y shows total FLC monomer and dimer indices, namely, M(T) = (κM + λ M) – blue, D(T) = (κD + λD) – purple; horizontal axis x – follow-up period (months). Arrows indicate the cut-off values of indices to distinguish between normal and abnormally high FLC levels.



Saliva FLC levels vs MRI data during patient follow-up:

Five of 9 tested patients showed the relapse-remission transitions during their follow-up. The observed changes in the cFLC-F values were usually in concordance with those in (a) cMRI-F, and (b) the relative number of active lesions in the brain, i.e., [(Gd+)/T2]brain, % (although the effect of the treatment with CS should be taken into consideration) (Figure 7).




Figure 7 | Comparison of the changes in the FLC levels and MRI data during the follow-up of individual POMS patients. Changes in the cFLC-F values are in concordance with those of cMRI-F and also with the relative amount active lesions in the brain, i.e., [(Gd+)/T2]brain,%. Red filled rectangles [(A): POMS patient #5] and red filled triangles [(B, C): POMS patients #1 and #46] indicate relapse. Red empty triangle [(C): patient #46] - post-relapse. Black empty rectangles (A) and triangles (B, C) - remission.



Four remaining patients were in clinically stable remission during their follow-up: they showed no changes in their MRI scans and demonstrated normal FLC index values during their follow-up.



Saliva FLC in the Pediatric Patients With Non-MS Neurological Diseases

Patients with non-MS demyelinating diseases included s/p CIS (n = 17), s/p MOG+ (n = 3), s/p ADEM (n = 1), as well as patients with RIS (n = 3). All these patients showed no Gd+ lesions. The FLC indices were normal in all but 2 CIS cases (Supplementary 1 and Table S3). Another tested subgroup included patients in relapse with CIS (n = 3), MOG+ (n = 1), ADEM (n = 1) and NMO/AQP4+ (n = 1). Two of 3 CIS patients were treated with CS and showed trace amounts of FLC. The remaining CIS patient in relapse was not treated and showed no Gd+ lesions; his saliva FLC index values were normal. FLC index values were normal in the patient with MOG+ and abnormally high in patients with ADEM and NMO. The MRI scans of the latter 3 cases showed Gd+ lesions (Supplementary 1 and Table S3).

The diagnoses of the 11 tested patients (naive) with non-demyelinating neurological diseases are showed in Table 2. The FLC index values were normal in 10 of these 11 patients and borderline in the remaining one.




Discussion

In view of recent advancements in disease modifying therapies for MS, a range of treatment options are now available for all ranges of severity of the disease. The early initiation or timely switch to a more potent therapy can be justified by using appropriate biomarkers of disease activity. Therefore, the laboratory markers of prognostication and monitoring disease activity have received particular attention. Most of such markers (for example, neurofilament light chains (NfL), glial fibrillary acidic protein (GFAP), YKL-40, immunoglobulin kappa light chains) are found in the CSF (26). However, the invasiveness of the CSF testing diminishes the applicability of these CSF markers for disease monitoring. Despite the potential role of serum NfL in MS over the last 5 years, a number of hurdles remain before this test can be integrated into routine clinical practice (27).

In the present study, the technique of the FLC monomer and dimer analysis developed by us previously (21, 22) was applied to study the saliva of POMS patients. In naive POMS patients the saliva levels of FLC in the relapse group differed significantly from those in remission. As we reported earlier (21), the diurnal fluctuations of FLC monomers and dimers of the same patient were small as compared to the differences in FLC levels observed between relapse and healthy state, as well as between relapse and remission. We found that the abnormally high levels of FLC monomers and/or dimers commonly observed in relapse state, significantly correlated with the load of the Gd+ lesions, while in the absence of active lesions, the saliva FLC levels were usually normal.

In most CS treated cases both pediatric and adult MS patients (22) showed significantly reduced FLC levels in saliva. However, in one POMS patient we observed abnormally high FLC levels after the 1st attack despite CS treatment. Of importance, this patient endured 2 additional attacks shortly after finishing the CS treatment of the 1st attack. In contrast, the FLC levels were low at the 4th (CS-treated) attack which was followed by stable remission (Figure 5). Thus, saliva FLC measurements may help in regulating the dosage and duration of CS treatment, as well as in the decisions regarding the second-line treatment.

Some DMT-treated patients have displayed normal FLC values in the presence of a small number of Gd+ lesions (Supplementary 1 and Table S2). However, the follow-up of these patients revealed that the appearance of new active lesions may be accompanied by increased FLC levels and development of a new attack. Together with similar findings in our previous study of the adult MS population (21), these observations indicate a potential value of our FLC test for prognosis and monitoring disease activity (Figure 6). Moreover, using the Firth logistic regression analysis we have demonstrated the tendency of FLC level changes to closely follow MRI findings during the follow-up period (Figure 7).

The developed saliva FLC test may be of special importance in POMS. At present, MRI is commonly used in the MS patient follow-up (a) to assess the disease dynamics prior to therapeutic decisions, and (b) to evaluate the effect of treatment and activity of the disease. Keeping in mind the inclination to minimize the exposure of POMS patients to gadolinium, our saliva FLC test could serve as a safe and inexpensive tool for monitoring the disease course.

A question was raised whether our findings are specific to POMS or are common to a wider spectrum of relapsing-remitting demyelinating diseases. Normal FLC levels were found in 23 of 26 naive patients with CIS, MOG+ and ADEM showing no Gd+ lesions in the brain. However, of 3 patients with Gd+ lesions in the brain, namely, ADEM (n = 1), MOG+ (n = 1), and NMO/AQP4+ (n = 1), two (ADEM and NMO/AQP4+) showed abnormal FLC levels. Thus, despite a low number of the available Gd+ cases, it is possible that the saliva FLC analysis could be used to assess the disease activity in a wider spectrum of demyelinating diseases. More pediatric patients should be tested to reach definite conclusions.

Finally, our findings support the view of involvement of mucosal immunity in the pathophysiology of demyelinating diseases. However, the mechanisms leading to the pathological changes in the saliva FLC levels in POMS are not clear and require further investigation. Are the increased FLC levels related to the changes of local synthesis and secretion of immunoglobulins or they are caused by the interplay between local and systemic immunity. However, there is still no consensus regarding this question. While some studies raise possibility of impaired mucosal barriers in MS (28–30), other reports support a strong partitioning of oral from systemic humoral immunity (31). Irrespectively of what are the precise mechanisms explaining the saliva FLC level changes in POMS, our study demonstrates the utility of the non-invasive and safe saliva FLC test for monitoring the disease activity in POMS, and, potentially, in other demyelinating diseases.
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